Long-read sequencing technologies such as Pacific Biosciences and Oxford Nanopore MinION are capable of producing long sequencing reads with average fragment lengths of over 10,000 base-pairs and maximum lengths reaching 100,000 base-pairs. Compared with short reads, the assemblies obtained from long-read sequencing platforms have much higher contig continuity and genome completeness as long fragments are able to extend paths into problematic or repetitive regions. Many successful assembly applications of the Pacific Biosciences technology have been reported ranging from small bacterial genomes to large plant and animal genomes. Recently, genome assemblies using Oxford Nanopore MinION data have attracted much attention due to the portability and low cost of this novel sequencing instrument. In this paper, we re-sequenced a well characterized genome, the Saccharomyces cerevisiae S288C strain using three different platforms: MinION, PacBio and MiSeq. We present a comprehensive metric comparison of assemblies generated by various pipelines and discuss how the platform associated data characteristics affect the assembly quality. With a given read depth of 31X, the assemblies from both Pacific Biosciences and Oxford Nanopore MinION show excellent continuity and completeness for the 16 nuclear chromosomes, but not for the mitochondrial genome, whose reconstruction still represents a significant challenge.
Results
Data Sequencing and Production. We have sequenced the genome of the four yeast strains, N44, SK1, CBS432 and S288C, with three different sequencing platforms: Illumina MiSeq, PacBio RS II, and MinION mk1. For each strain, we obtained about 80X depth of 2 × 150 bp MiSeq paired reads and between 120X and 250X depth from various PacBio runs. For the ONT runs, we obtained a total ('Fail' + 'Pass') 2D throughput (2D-All) between 12X and 61X depth depending on the strain, but only a throughput between 4X and 31X was achieved for the 2D-Pass data. Most Nanopore runs were performed using the R7.3 flowcells, available at the time of sequencing. For the reference strain S288C, the sequencing reads included two testing runs using the newly released R9 flowcell, in addition to the data of four runs from R7.3. The R9 flowcells generated data with higher accuracy than that of the R7.3 ones (91% against a R7.3 average of 88%). The R9 total 2D-All and 2D-Pass throughputs, 700 Mb and 60 Mb respectively, were too low for an independent study, so we merged the R7.3 and R9 reads to get a dataset of 61X depth 2D-All and a dataset of 31X depth 2D-Pass, upon which our assembly comparisons are based.
To compare the capabilities of the assembly pipelines we used the S288C strain data, so that assembly quality and accuracy could be easily and directly determined by mapping against its well known reference. Our S288C ONT and PacBio datasets have very different read depths: ONT only 31X (2D-Pass), while PacBio about 120X. By assembling the whole PacBio dataset we obtained contiguous assemblies with accuracy up to 99.95%, as shown in the Supplementary Note. For our pipeline comparison though, we decided to subset the PacBio dataset to the same depth of the ONT dataset, so that differences between platform results are driven by platform differences and not different sample sizes. If we selected the PacBio reads randomly until reaching the desired depth, the subset would follow a similar read length distribution of the original dataset, which has a smaller average read length than ONT. This would make it more difficult to interpret the assembly continuity as due to platform read intrinsic features like error rate and distribution, or different read lengths. Because of this, we decided to reduce the number of variables for assembly assessment by selecting a PacBio subsample of the S288C reads with the same depth (31X) but also similar read length distribution as the S288C 2D-Pass ONT reads: the PacBio ONT-Emu sample (Figure 1-(c) ). More information on how we extracted the subset can be found in the Supplementary Note. To study the dependence of the assembly pipelines on read depth, we also selected two subsets with 10X and 20X depth for the S288C ONT and PacBio data, again with similar read length distributions. For the total PacBio S288C dataset, which consists of 120X read-depth, we performed a more detailed depth study shown in the Supplementary Note for subsets of 10X, 20X, 31X, 61X, 80X and the whole sample at 120X depth. Details about the sequenced datasets presented in this paper are summarized in Table 1 for ONT, and in Table 2 for PacBio samples which 'emulate' the ONT read length profiles (ONT-Emu). The read length distributions for the S288C, N44, CBS432 and SK1 strains of the 2D-Pass ONT datasets are shown in Fig. 1-(a) and those of the PacBio datasets in Fig. 1-( 
De novo Assembly and Scaffolding Pipelines. It has been shown already 12 that contiguous and accurate yeast assemblies can be generated de novo solely using ONT data. Here, we focus on assessing the various existing pipelines and on comparing the results obtained from ONT and PacBio data with particular attention to the Table 2 . Statistic information for the PacBio datasets for the S288C, N44, CBS432 and SK1 strains. For the S288C strain also the ONT-emulating subsets are shown: 'ONT-Emu' 31X, 20X and 10X subsets, selected to match the 31X, 20X and 10X ONT S288C datasets for depth and read length distribution. similarities and differences between the two platforms. The long reads provided by PacBio and ONT can be used to generate a de novo assembly either by themselves or in conjunction with Illumina (NGS) data. In this paper, we show examples of assemblies from long reads only, and from'hybrid' pipelines that use the Illumina reads either to correct the long reads or to generate a short-read assembly that is later scaffolded with long reads. We selected eight assembly pipelines for long reads. PBcR 13 (with Self-or MiSeq-based error correction: PBcR-Self, PBcR-MiSeq), Canu 14 and Falcon 15 are based on an Overlap-Layout-Consensus (OLC) algorithm; ABruijn 16 is based on a generalized De-Bruijn graph algorithm. All of them include a base-error correction step on the reads before assembling them. SMARTdenovo (available from https://github.com/ruanjue/smartdenovo) is also based on a OLC algorithm, but does not include a base-error correction step. Miniasm 17 chooses the best path from a string graph created from the overlap of uncorrected reads: it is the only pipeline here that includes neither a base-error correction nor a consensus step. Racon 18 aligns the raw long reads to a Miniasm assembly and generates a consensus, significantly increasing the initial accuracy. We selected and assessed also three scaffolding pipelines: npScarf 19 , HybridSPAdes 20 and SMIS (available from https://github.com/fg6/smis.git), to scaffold an NGS-based assembly from SPAdes 21 . Details about these pipelines and the parameters used for running them can be found in the Supplementary Note.
Assemblies from different pipelines and platforms. The de novo assemblies of the whole PacBio datasets for S288C and the other strains are shown and discussed in the Supplementary Note, while here we compare the performances of long-read assemblers when run on a 31X depth ONT or PacBio datasets with similar read length distributions. For this purpose we selected a subsample from the PacBio S288C dataset with the same depth as the ONT 2D-Pass sample (31X) and with similar read length distribution, as described above and shown in Fig. 1-(c) . The statistic information for the two S288C samples can be compared if looking at the sample S288C '2D-Pass: 31X' in Table 1 for the ONT case, and at the S288C 'ONT-Emu 31X' in Table 2 for the PacBio case emulating the ONT sample. As shown in these tables, the two samples also have similar average error rates (92% average identity for PacBio and 93% for ONT datasets). Using these two similar samples, except for normal fluctuations, differences in assembler's performances can be attributed to the peculiar features of the reads from the two platforms, for instance to error types and distributions.
The assembly information for the ONT dataset '2D-Pass 31X' and for the PacBio 'ONT-Emu 31X' can be found in Tables 3 and 4 , respectively. With 31X depth the pipelines generated assemblies with similar features when running on PacBio or ONT data.
The fastest pipeline is Miniasm, which does not include a base error correction nor a consensus step. For both PacBio and ONT datasets it only took 4-5 minutes to run but only achieved 89% accuracy. Because of the high number of indels in the ONT and PacBio data, Miniasm reconstructed only about 95-96% of the genome, significantly less than the other pipelines. Globally, the assembly structure from the Miniasm pipeline is correct, indicating that the missing regions are due to local base errors. Part of these base errors are recovered by the other pipelines either by building a consensus from the raw reads (Racon, SMARTdenovo) or during their base-error correction steps (PBcR-MiSeq, PBcR-Self, Canu, Falcon and ABruijn). The assemblies with the highest accuracy, 99.94-99.97% are the ones from the only hybrid assembler, PBcR-MiSeq, that uses MiSeq reads to correct the ONT or PacBio reads. But PBcR-MiSeq also provided the most fragmented assemblies, with Na50s only 270 kb long, where Na50s are the N50s after breaking the contigs at the misassembly points found by Quast 22 . None of the other assemblers uses Illumina reads, and we refer to them as the non-hybrid pipelines. The non-hybrid pipelines reconstructed 98-99% of the genome, with Na50s in the 400-500 kb range long, and accuracy up to 98.76% for ONT reads and up to 99.93% for the PacBio reads. The highest accuracy between the non-hybrid assemblies for the ONT data is from Racon, with 98.76%, immediately followed by SMARTdenovo and ABruijn with about 98.50%. For the PacBio datasets the Celera-based assemblers (Canu, PBcR-Self) provided the highest accuracy, 99.92-99.93%, followed by ABruijn at 99.87% and Falcon at 99.78%.
To assess the completeness of the newly generated assemblies, we checked for the reconstruction of a list of known S288C genes. From the list of ORF coding sequences reported in the Saccharomyces Genome Database (http://www.yeastgenome.org), we selected 6,615 coding sequences that mapped to the S288C reference for at least 90% of their length with at least 90% mapping identity. We used BWA 23 to align each gene against the new assembly under study, and declared a gene 'reconstructed' if at least 90% of it was assembled with at least 90% accuracy. Tables 3 and 4 for ONT and PacBio data respectively, show a correlation between the assembly continuity and the number of mapped genes, i.e. an assembly from a particular pipeline with longer contigs is likely to have reconstructed more genes. For example, the SMARTdenovo assemblies consist of 20 contigs when using 31X PacBio reads and 38 contigs when using 20X PacBio data, and the numbers of reconstructed genes are 6,596 and 6,534 respectively. For the ONT data at 31X, the contig number is 28, and it is associated with 6,556 genes; at read coverage of 20X, the contig number is increased to 29, while mapped genes dropped to 6,528.
Even though there is no single pipeline that outperforms at every statistic gathered, SMARTdenovo and Canu assemblies have the longest reference coverage, best or near-best average identity, highest number of genes found and long Na50s for both PacBio and ONT data. Apart from Miniasm, SMARTdenovo is also the pipeline using the least resources, with CPU running time ≤2 h and ≤5 GB of memory. Racon, Falcon and ABruijn are the next fastest pipelines. PBcR is the pipeline typically requiring the longest running times especially when using ONT data.
Missing homomers.
Ignoring Miniasm which has no error correction nor a consensus step, and the hybrid pipeline PBcR-MiSeq, which corrects the reads using Illumina data, it is clear that the PacBio assemblies have higher accuracies, from 99.50% to 99.93%, while the ONT assemblies reach a maximum accuracy of 98.76%. Because the average read accuracy, the depth and the read length distribution of the ONT and PacBio datasets used here are very similar, the final higher accuracies for the PacBio assemblies are likely due to platform-intrinsic features of the data. When no base-error correction nor consensus step is performed, like in the Miniasm pipeline, the resulting assemblies are about 89% accurate for both the ONT and PacBio datasets, and present lots of mismatches and indels, with prevalence of indels. Adding a correction or a consensus step like the other non-hybrid pipelines significantly reduces the number of mismatches and indel errors for both ONT and PacBio data. While the number of mismatches is reduced to a similar level for ONT and PacBio, the number of indels in ONT assemblies remains very high. The ONT assembly with fewer indels (Racon, indels = 11 per kb) has about 11 times more indels than the best PacBio case (Canu, indels = 1 per kb), and about 3 times more indels than the worst PacBio case (Racon, indels = 4 per kb). The high accuracy reached with the PacBio data shows that most PacBio errors can be corrected by generating a consensus between the reads that cover the same genomic region, and is a clear indication that PacBio read errors are mostly randomly distributed. For the ONT data the situation is more challenging: while it is true that some of the errors have a random distribution and are corrected by the various pipelines, a good portion of them, mainly indels, seem to escape the correction attempts, pointing to a possible systematic source of errors. Indeed most of the remaining errors are due to missing homomers in the ONT reads. For instance, the assembly from Canu contains far fewer 5-homomers ("AAAAA", "TTTTT", "CCCCC" and "GGGGG") than the reference, as shown in Fig. 2 , where the blue bars represent the Reference's counts and the orange bars Canu's counts. The figure also shows that if the Canu assembly is polished with Nanopolish 24 (green bars) many of the missing homomers are recovered, and the final assembly accuracy reaches 99.57%, as shown in Table 3 for the '2D-Pass 31X' sample. This table also shows the downside of Nanopolish: it needs 1,835 CPU hours to polish the Canu assembly, which makes this pipeline impractical for larger genomes.
Mitochondrial genome reconstruction. While all of the 16 yeast nuclear chromosomes are well reconstructed by every tested pipeline with respect to continuity, accuracy and completeness, many pipelines failed to reconstruct the mitochondrial genome ( Supplementary Tables S5 and S6 ). This chromosome is the smallest one in the reference assembly, only containing 85,779 bases, but appears to be very challenging to assemble, especially with ONT datasets. Using ONT data, only PBcR-MiSeq was able to reconstruct it almost completely (96%), and Table 3 . Statistic information about the de novo assemblies for the S288C ONT datasets for the hybrid pipeline PBcR-MiSeq, the pipeline Miniasm, with no base error correction nor consensus step, and for the non-hybrid pipelines: Racon (on a Miniasm draft assembly), Falcon, SMARTdenovo, ABruijn, PBcR-Self and Canu for, from top to bottom: all the 2D-Pass reads (2D-Pass 31X), the 2D-Pass 20X subset and the 2D-Pass 10X subsets. For the 2'D-Pass 31X' dataset also the results from Nanopolish on the Canu assembly is shown. In each column the best value is highlighted in bold. For the identity column the best value is always for the hybrid assembly PBcR-MiSeq, but we also highlighted (bold and underlined) the best value for the non-hybrid pipelines, ignoring Nanopolish as it is the only polishing tool. For the 10X datasets, we ignored assemblies with less than 80% reference coverage when choosing the best values.
only Falcon and Canu were able to reconstruct at least half of it (67%, 64%, respectively). Using PacBio data there are three full reconstructions from Racon, SMARTdenovo and Canu, while Miniasm manages to reconstruct 77% of it. There are a number of possible reasons for the mitochondrial genome to be more challenging to reconstruct than the other chromosomes. The GC content in the mitochondrial genome is only 17%, much lower than the average value of 38% for the nuclear chromosomes. There are also a lot of highly repetitive small AT k-mers, which contribute to the difficulty of assembly. We found that while for the ONT dataset the mitochondrial read depth was consistent with that of the other chromosomes, the PacBio mitochondrial depth was about 6 times higher which could help explain why the mitochondrial genome reconstruction is more complete with the PacBio data. To exclude the possibility that this is due to a bias in our subsetting, we looked at the whole PacBio dataset and found that, similarly to the subset, the mitochondrial genome depth is about 7 times higher than the nuclear chromosomes. This is likely due to the high copy number of mitochondria in a cell. Possibly, the PacBio library preparation preserves this higher copy number, while the ONT library preparation does not. For instance, it is possible that DNA molecules have been less vigorously sheared in the ONT case, so that many of the very short mitochondrial genome remained circular preventing the ligation of the adapters needed for sequencing.
In addition to a lower depth with respect to PacBio, the mitochondrial genome assembly from ONT data is also hindered by an higher than average homomer content: using the S288C reference, we estimated that the mitochondrial genome has at least 30% more homomers than the other chromosomes, for k-mer lengths 3, 4, 5, 6 and 7. Figure 3 shows the 5-homomer counts (#5A + #5T + #5G + #5C) ratios between each chromosome and the mitochondrial genome, each count normalized by the chromosome length in bases.
De novo Assembly by Varying the Read Depth.
In order to assess the scalability of the assembly pipelines and to determine how the performances of the assemblers vary with read depth, we selected and analyzed subsets of the ONT and the PacBio full datasets. A dedicated study focusing only on the higher depth PacBio dataset is discussed in the Supplementary Note. Here, we compared the assemblies at 31X mentioned in the previous section, with 20X and 10X subsets from the ONT 2D-Pass and similar subsets from PacBio reads emulating the read length distribution of the ONT subsets, as we did for the 31X case. These datasets are presented in Tables 1 and 2 for ONT and PacBio respectively, where the PacBio subsets are labeled as ONT-Emu. The results of the pipelines are summarized for the 31X, 20X and 10X in Table 3 for ONT and Table 4 for PacBio data. At very low read depth, 10X, the hybrid pipeline, PBcR-MiSeq, was the best performing pipeline for both ONT and PacBio data providing assemblies which cover more than 92% of the genome with accuracies larger than 99.9%, and the longest Na50s, in the 100s of kb. At 20X depth the Na50 is about doubled, and 98-99% of the genes are reconstructed.
For the non-hybrid pipelines, the Celera-based ones, Canu and PBcR-Self, were the best performers at low read depths. At 10X, Canu and PBcR-Self performed better on ONT than PacBio data. These assemblies cover about 90% (75-79%) of the reference with an accuracy of 97% (99%) and a Na50 of 100 (60) kb with ONT (PacBio) data. All the other assemblies cover significantly less proportions of the reference genome, and in particular Falcon seems to have the most difficulties at such low read depth. At 20X, all the Celera-based pipelines still performed very well, with Canu and PBcR-Self providing Na50s in the range of 400s kb, as well as SMARTdenovo. The assembly from Racon distinguishes itself on ONT data for the highest accuracy, immediately followed by ABruijn and SMARTdenovo, while for PacBio data Canu, PBcR-Self and ABruijn assemblies have the highest accuracies. Already at 20X, Canu, PBcR-Self, PBcR-MiSeq and SMARTdenovo reconstructed about 99% of the genes. At 31X depth the non-hybrid pipelines increased the Na50s up to 500s kb and slightly improved their final accuracies.
Genome scaffolding using long reads. We explored the scaffolding performance of three pipelines that use long ONT/PacBio reads to bridge and merge contigs from a NGS assembly. The NGS assembly used here has been generated from a dataset of 80X of 2 × 150 bp MiSeq paired-reads by SPAdes, as one of the scaffolding pipelines is embedded with it (HybridSPAdes). As expected, the assembly from SPAdes is fragmented but has very high accuracy: it has 206 contigs and its N50 is only 125 kb, as shown at the top of Table 5 . The scaffolding pipelines were able to bridge a number of contigs significantly increasing the assemblies' N50s while maintaining a high accuracy for both the PacBio and ONT samples. The npScarf pipeline achieved N50s much longer than HybridSPAdes or SMIS, 771 kb for ONT and 715 kb for PacBio, but the Quast analysis of these assemblies revealed that they are affected by a number of misassemblies, and their final Na50 is 514 kb for the ONT data and 413 kb for PacBio. Even after correcting for the misassemblies npScarf provided the more contiguous assemblies, but the HybridSPAdes and SMIS ones were able to maintain a higher accuracy than npScarf, 99.97-99.98% against 99.91%. The assemblies from HybridSPAdes have a higher coverage over the reference and reconstruct more genes than SMIS or npScarf. The npScarf tool has the advantage of requiring the least resources as it is faster than the other two pipelines and it uses less memory.
We ran the same scaffolding pipelines on the three other yeast strains N44, CBS432 and SK1 with 2D-Pass ONT data at the lower depths of 11X, 9X and 4X, respectively. The scaffolding results are shown in Table 6 . As a reference is not available for these strains, we could not evaluate the accuracy and misassemblies of the scaffolds, but, as for the S288C case, we can expect high accuracy, >99.95%, as these assemblies are based on Illumina data. The longer N50s from npScarf are likely significantly affected by misassemblies, as observed in the S288C case, while the N50s estimated by HybridSPAdes and SMIS are expected to be more accurate. A comprehensive structure variation analysis of these strains can be found in ref. 25 .
Discussion
We have shown that the yeast genome can be de novo assembled with Na50s up to 550 kb with 31X read depth from PacBio or ONT platforms, reaching an accuracy of up to 99% for PacBio and 98% for ONT, when not using Illumina data. More fragmented assemblies but with an higher accuracy (up to 99.98%) can be achieved when using long reads in conjunction with Illumina reads in hybrid or scaffolding assemblies. Miniasm was the fastest pipeline, requiring only few minutes to run, but because of the lack of a correction or consensus step it generated assemblies with very poor accuracy (~89%). After Miniasm, SMARTdenovo is the pipeline requiring the least resources and in particular the least time for running, <2 h, but providing accuracies close to the highest one achieved without help from Illumina (98.5% for ONT and 99.7% for PacBio). The non-hybrid Celera-based assemblers, PBcR-Self and Canu, generated continuous and accurate assemblies, and appeared to be the most performing pipelines as the read coverage decreased. In our experience, PacBio and ONT platforms provided reads with similar error rates and lengths in the thousands of bases. The average PacBio lengths were generally smaller than the ONT ones, but the ONT throughput per run was significantly lower than the one from PacBio's runs. This was mainly because we used early MinION flowcells and chemistries: the throughput improved significantly both in size and stability with more recent MinION kits and software. In addition, a fairer throughput comparison should be done between two benchtop devices, e.g. the PacBio RSII and the Oxford Nanopore GridION, or PromethION, both not available at the time of this study. Both platforms provided error-prone reads, but missing homomers in the ONT data represent a major difference with respect to PacBio. Because of this difference, while PacBio reads could be corrected with enough depth to reach assembly accuracies >99.9%, for ONT data increasing the read depth only helped to reach an accuracy up to 98-99%. To improve further a very time consuming polishing step is needed, at least until the missing homomers issue is reduced or solved, possibly already with a new Neural Network-based basecaller, Scrappie, presently in development at Oxford Nanopore.
Methods
Library Preparation. Library preparations for Oxford Nanopore sequencing. Two ug of genomic DNA was sheared to approximately 18,000 bp by centrifugation at 4000 rpm in a gTUBE. Sequencing libraries were prepared according to the SQK-MAP006 or SQK-NSK007 Sequencing Kit protocol, including the NEBNext FFPE DNA repair step.
MinION TM flow cell preparation and sample loading. The sequencing mix was prepared with 6 uL of the DNA library, water, the Fuel Mix and the running buffer according to the SQK-MAP006 or the SQK-MAP007 protocols. The sequencing mix was added to the R7 or R9 flowcell for a 24-48 hour run. Typically the flowcells were reloaded after 24 hours as data yield had plateaued.
Pacific Biosciences sequencing library preparation. PacBio sequencing libraries were prepared as follows. Five ug of genomic DNA was sheared to approximately 15,000 bp by centrifugation at 5200 rpm in a gTUBE. DNA was repaired with damage repair reagent and end-repaired using end repair mix before ligation to PacBio blunt end adapter. Unligated material was digested with Exo III and Exo VII then library fragments purified via two consecutive Ampure clean-ups and size selection on Blue Pippin (SageScience, Beverley, MA, USA) with a 0.75% agarose cassette to purify fragments from 12-25 kb.
Illumina PCR-free library preparation and sequencing. DNA (1 ug) was sonicated to a 400 to 600 bp size range using a Covaris LE220 acoustic shearing device (Covaris, Woburn, MA, USA). Fragments were end-repaired using the NEBNext EndRepair Module (New England Biolabs, Ipswich, MA, USA) and A-tailed with the NEBNext dA-Tailing Module. Illumina adapters were added using the NEBNext Quick Ligation Module. Ligation products were purified with AMPure XP beads (Beckman Coulter Genomics, Danvers, MA, USA). Libraries were quantified by qPCR using the KAPA Library Quantification Kit for Illumina Libraries (Kapa Biosystems, Wilmington, MA, USA) and library profiles were assessed using a DNA High Sensitivity LabChip kit on an AgilentBioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Libraries were sequenced on an Illumina MiSeq instrument (San Diego, CA, USA) using paired 150 base read chemistry.
Assembly Assessment and Other Tools. The ONT fastq sequencing reads were extracted from the fast5 files using Poretools 26 . For the assembly accuracy and other summary statistics we used dnadiff from MUMmer 27 , while the number of misassemblies and the Na50s, i.e. the N50s after breaking the contigs at the misassembly points, were calculated using Quast 22 . We ran Quast with default parameters except for the Miniasm assemblies. For Miniasm we required the additional parameter: -min-identity 85, to enable Quast to align the low accuracy assemblies to the reference. Because of such low accuracies, Quast seemed to overestimate the presence of misassemblies for Miniasm, and reported Na50s smaller than the expected ones if comparing the Na50s with those of the higher accuracy Racon assemblies, based on Miniasm. We used the R Biostrings package (available from https://bioconductor.org/packages/release/bioc/html/Biostrings.html) to count the number of homomers in some of the assemblies, using the function oligonucleotideFrequency. Statistics and assessment for all the assemblies have been estimated after eliminating contigs shorter than 1 kb.
